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ELECTRICAL RESISTIVITY OF CARBON BLACK
KAOLIN SINTERED MATERIALS II

E. Kato *
/24%%*

As basic research into the production of solid ceramic
resistors, studies were made of the effects of calcination
temperatures (800-1400° C) on resistivity and of the relation
with changes in resistance of structural materials and calcined
contraction. The comparative resistance of the sintered
materials decreascd in stages with rise in calcination temper-
ature. These stages have a corresponding relation with the
stages of change of calcined contraction but there is little
relation with the resistance of the components, Considering
the effects of calcined contraction and the compression on
carbon black of the compound, the following formula was derived
for resistance of sintered materials, using various other
hypotheses.,

1
=K+p'ee?Co—
p=K+p'oe® v

Using calcined contraction,

L] 4

=K opree® Yo (o XY
p=K'sp’se ( In Vo)

Here K,K' are constant, p' is the specific resistance cf
carbon black, CO and C are the bulk densities of carbon before
and after sintering, k is fixed when C is not too small and p
is the pressure which carbon black receives in the sintered
material,

*Etsuro Kato., Industrial Technician, Nagoya Industrial
Technical Laboratory

**Numbers in margin refer to pagination of original foreign text.
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k/Cand 1//p are related to the points of contact

The items e
and the areas of contact. This formula coincides closely
with experimental results up to sintering temperature of
1200°C. When 1200°C is exceeded, although the effect
beyond contraction appears (One is probably a chemical
reaction), calcined contraction is believed to have the

most basic effect on the resistance of sintered materials.

1. Introduction

In the production of solid ceramic resistors,
the calcination temperature has a final and decisive
influence on the resistivity of the sintered material
and this is closely related to the problem of yield in
production. However, the nature of this influence is
not yet known. Until now, only some qualitative studies have
been conducted similar to those into various factors
of production conditions prior to sinteringll

In a previous report?] the author found a clear
correlation with sufficient reproducibility between
the amount of carbon admixture and the resistance of
sintered materials of carbon black and kaolin. Especially
in the sphere of low resistance, when the carbon admixture
amount is cxpressed as the admixture per unit area of
sintered material computed from calcined contraction,

specifically as bulk density (C) of sintered carbon §!,

the clear relation of p=Aek/C (A and k are constants)

§' (C) will be the carbon bulk density of sintered material,
differentiated from the carbon admixture rate (wt % in

non-calcined dried sample).

-2-
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is exhibited with the specific resistance (p) of
sintered material. This relation can be the basis for
understanding the details of the effect of calcination
temperature on resistivity and in the sense that C at

least changes in the previous report, calcined contraction
is important. Huwever, the relative changes due to
calcination temperature related to quantity. specifically
the changes in constants A and k,are believed to be all

the more important as factors associated with qualitative
changes in the sintered materials.

In this report, production experiments were conducted
regarding more extensive calcination temperatures with the
same methods as in the previous report in order to clarify
this point. Changes in calcined contraction rates and
resistivity of sintered materials due to calcination
temperature were studies as were the effects of calcination
temperature on resistance of the powdered state of carbon
black. These were correlated and studies were attempted
of the mechanism of change in resistivity of sintered
materials based on calcination temperature

2. Experimental method

The materials used were carbon black with low
resistivity (Tokai Electrode, furnace black, HAF grade,

granular form) and commercial Korean kaolin. Properties

of the material, methods of production of experimental

: scraps and methods of calcination in carbon etc. are omitted
: 2]
i since they were related in detail in a previous report
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Tubular samples 6 mm in diameter and 20 mm in length
containing 0-15% carbon blzck were calcinated at 800-1400°C
as required and were held for one hour at temperatures
in the range of 20-100°C. In addition, powdered samples
of carbon black as well as carbon black powder mixed
with 15% desiccant were packed in si.tering aluminum crucibles
and calcination heating treatment was conducted under the
same conditions as in the case of the tubular samples.

The sintered material obtained was subjected to
silver terminal treatment and the resistance of that was
measured as was the resistance of a free accumulation of
calcined powder. The measurement methods are the same as
previously mentioned and so are omitted.

3. Experimental results
3.1 Changes in contraction rate due to calcination temperature

Figure 1 illustrates the change in contraction rate
of sintered material versus the calcination temperature.
The contraction rates of materials whose carbon admixture
proportions are beyond those shown in the figure fit in
in a regular fashion with these and there are no special
points of notice. For comparison, the calcination in air
results of kaolin are included.

The courses of contraction due to calcination are
basically uniform but some difference does appear at
1200-1400°C. Specifically, in all samples, at 800°C
calcination temperature, 2% initial contraction is observed

due to results of dehydration of bound water at 500°C.
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Further, at 1000°C, contraction based on destruction of
the metakaolin structure appears while at 1100°C, the
commencement of major contraction beginning with porcelain
formation appears due to vitrification and mullite
precipitation. However, in samples containing sintered
carbon black in the carbon, this porcelain formation
contraction begins at 1160°C which differs from porcelain
formation contraction in air. Further, at 1400°C calcination,
axial expansion occurs in kaolin calcined in the air.

In carbon sintered material, there is no expansion

when the admixture rate of carbon black is low but when
the admixture rate exceeds 8%, the exvansion gradually
increases which is a unique point. Further research is
necessary into the causes of these changes but these
changes are believed to have some sort of relation with
changes in resistivity of sintered materials due to
calcination temperature.

3.2 Resistivity of sintered materials

3.2.1 Changes in resistivity due to calcination temperature
Figure 2 illustrates a plot of the resistivity of
all experimental samples versus direct calcination
temperatures at levels below 100 k®. The effect due to
calcination temperature is striking when the admixture rate
of carbon black is below 4% and is comparatively slight
when the rate exceeds 5% and this is believed to be due to
the different ranges of carbon granules differentiated by

their contact states, as stated in previous reports.

————

/25

AN Y LI R T T e T T AW

TRV VI RISVIIE VORI



-N P R

w0
T

—
=

—
“

contraction rate (%)

8

L

800 1000 AR 110

Figure 1. Relation of calcination temperature to

calcination contraction rate

calcination temperature (°C)
The carbon admixture rates are 15%, 9%,3% and 0%.
-0o-: axial direction
~®- longitudinal direction (for sintered material in carbon)

-&-: c<ial direction versus material sintered in air

llowever, there are numerous common stages between the
decrease in resistivity of the various admixture sa: ples

and the rise in temperature. Specifically, when the
temperature exceeds 900°C, an acute reduction in resistivity
appears which abates temporarily at 1160-1220°C and then
becomes acute again and then gradually modecrates up to
1400°C. Especially in samples with carbon black in cxcess

of 7%, the resistivity of materials sintered at 1400°C risecs.
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Figure 2. Relation of calcination temperature to
sintered material (% in figure represents carbon

admixture rates)

A comparison éf the stages of resistivity decrease
due to calcination temperature with the stages of calcined
contraction of figure one illustrates a correspcndence
relation. Specifically, the stages of resistivity decrease
mentioned above correspond to abatement of contraction at
1200°C and at 1100°C as well as 1000°C and also to

expansion seen in samples containing more than 8% carbon

black at 1400°C.
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Figure 3. Relation of carbon bulk density to comparative

resistivity (x:non-calcined sample)

3.2.2 Relation of carbon bulk density tc specific
resistivity. Conducting the same calculations as in

the previous report, the comparative resistance (p) as

well as the carbon bulk density (C) of the sintered material
were found for the above samples and plots of log p to

1/C were made. The results, as reported in previous reports,
were that a linear relation not cut at low resistivity

regions was attained for all calcination temperatures up

to 1300°C.



B vt

Do P oo o

Ry A

There was little change in the slopes §?. However, as
illustrated in figure 3, clear changes in the slopes
appear when the calcination temperature exceeds 1300°C.
The constants A and k change greatly in the relation
p=Aek/C. At low temperatures where the slope does not
change greatly, there should be something corresponding
to a qualitative change with the transition gradually to
the low resistivity side of this linear relation *:: to
calcination. However, the changes at temperat . . .o
1300°C signify additional qualitativ: changes.

In order to clarify the aspec- ¢" these quali...ive
changes due to calcination temperature, a curve of
log o versus 1/C as in figuie 3 is drawn for each calcination
temperature. By means of these, log p versus fixed C
was found by interpolation and this log p was plotted
versus the calcination temperatures. These results are
illustrated in figuré 4. By some mechanism, the resistivity
intrinsically decreases with rise in calcination temperature.
In this resistivity reduction curve, correspondence to
each stage of the contraction curve is found, albeit

slight. In addition, when temperatures exced 1200°C,

acute resistivity decrease is evident especially in high

2netailed examination of the slopes shows they are not

constant up to 1300°C. They show slight reduction with
rise in tempcrature. This is related to compression

stated subsequently.
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Figure 4. Relation of calcination temperature to
specific resistance (Numbers in figure are g/ml

bulk density of carbon).

resistivity reysions.

3.3 Resistivity changes of structural components due to

calcination,

3.3.1 Resistivity of free accumulation state of carbon black
It has been clearly indicated in a previous reporv

that the resistivity of the free accumulation state of

carbon hlack is directly relatcd to the resistivity of

carbon blarck-kaolin sintered material.
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Figure 5. Free accumulation state resistivity of calcine
treated carbon black.

(a)Calcine treated commercial material

(b) Material derived from crushing (a) and passing it

through an 80 mesh screen.

Accordingly, it is easy to imagine that qualitative
changes due to heating of carbon black are influenced by
resistivity reductions due to calcination temperature.
When these changes are great, there is a possibility

that other more basic effects will taper off and become
unclear. In this experiment, furnace black with low
resistivity was selected for ure. Accordingly, while

the influence of heating changes on carbon black itself
are not beiieved to be too great, the degree of influence
must be determined.

Figure 5 (a) illustrates the measurements of hrat
treated commercial powder. The reciprocal of the bulk
density and the specific rcsistance are in a virtuol
linear relation. The positions and slopes are slightly

influenced by the calcination tempecraturce.
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Figure 6. Free accumulation state of calcine treated

compound powder.

Specifically, non-treated materials indicate the highest
resistivity with resistivity decreasing as the calcination
temperature rises. The lowest value is reached at 1200°C
and it tends to increace further as the temperature rises.
In the carbon black used in the experiments, some bound
hydrogen remains in the vicinity of the carbon hexagonal
ring network and if we assume that it is released,

this would account for the decline in resistivity of the
sintered material in figure 4. However, the change is

most small in comparison with compound. Since the effects
of distribution state of powder, granulation and destruction
are necessavy in consideration of the resistivity of

the free accumulation state of powder, measurement was
first conducted and the heated carbon black was then

crushed in mortars, passed through 80 mesh screens

-12-
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and finally, measurement of the resistivity of the free
accumulation state of powder was conducted. As illustrated
in figure 5 (b), there are slight differences depending
on the degree of pulverization but distinction between
groups was virtually impossible. The results indicate that
the changes in quality of the carbon black used in the
experiment due to calcination treatment were very slight.
and were not of the same magnitude as the changes in
resistivity due to calcination of the sintered material.
3.3.2 Resistivity of carbon black-kaolin compound powder
In the compound state, the effects due to calcination
vary. In anticipation of effects such as mutual reactions
at high temperatures, desiccant with 15% carbon content
was pulverized and the resistivity of the free accumulation
state of powdered samples calcinated at various high
temperatures was studied. In order to eliminate effects
of granulation of sintered material, the powder was
pulverized after calcination and passed through 80 mesh
screens. The measurement results are illustrated in figure
6. The horizontal axis in the figure is modeled after
the case of sintered material. Approximations are found
according to thz following formula. This axis is the
reciprocal of (C), the carbon bulk density per unit area

of free accumulation state.

w 16

1= W X100
C- ——
- 3,
4 dih

-13..
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Figure 7. Relation between insulation resistivity of
sintered material and calcination temperature
key 1. calcination temperature (°C)
2. rate of compound carbon
3. material calcined in air
4. material calcined in carbon

The measurement voltage is 1000V, the measurement temp. 200°C.

Here W is the weight of the calcined powder charged
in glass tube with d inner diameter to h helgﬁt while
AW is rate of weight reduction due *to calcination of
powder containing 15% carbon. The results of measurement
of compound plastic material were used. Table 1 illustrates
this AW. While AW may have some variation between sintered
and powdered material, consideration of reactive combustion
loss of carbon during the course of calcination indicates
that this C does not precisely illustrate the carbon bulk

density in powder.
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Figure 8. Relation of C to AV/VO

(Figures indicate carbon content and calcination temperature)

However,the changes of the value of AW in table 1 show

no significant disparity due to calcination temperature.

In approximate comparisons of mutual relations among poﬁders
or with sintered materials, a suitable index is the carbon

content.

Calcination temp.co w0 %0 1000 100 120 1300  1°00
4W 0087 0088 0.0 009 0.095 0098 010

Table 1. Rate of calcined weight reduction of sintered

material with 15% —carbon admixture rate

The results of figure 6 obtained in this way indicate
that the resistivity of compound powders differs consider-
ably from that of pure carbon black and that the resistivity
declines markedly with calcination temperature. Since the
carbon bulk density range has 1/C exceeding 11, it is

proportionate to intermediate resistance of a compound.

-15-
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Figure 9. Relation of specific resistance to calcination

contraction rate (fixed carbon bulk density)

The resistivity changes closely resemble the case of
1/C>11 from figure 3 and there is a close relation
with resistivity changes of the compound. However,
since the powder is composed of fine grains, there is

a great possibility that the individual grains are
fine, sintered bodies and they need not show changes of
structural components.

3.3.3 Insulation resistivity of kaolin sintered material
Up to a calcination temperature of 1300°C, the
resistivity of sintered material with a carbon content of
up to 2% is the same as that of pure kaolin oxidized and
calcined in air with measurement at 200°C. Previous reports

have indicated that there is virtually no effect of

carbon admixture or strong reduced calcination in carbon.

16,
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In this experiment, results of measurement of insulation
resistivity of calcined material at 1400°C in which

changes in slope in the log p versus 1/C rel.‘.on arose,
were virtually identical up to 1300°C so that there actually
was no change.

Figure 7 indicates the insulation resistivity of
sintered material up to 3% carbon admixture rate. It shows
considerable decline with rise in calcination temperature
up to 1200°C. However, all kaolin sintered material in air
were the same. This does not indicate that in material
sintered in air, this decline due to calcination temperature
is a resistivity change intrinsic to the material. Believed
due to the porosity, there is virtually no possibility
of change arising in resistivity intrinsic to volume in
sintered material, at least in kaolin decomposition material.
3.4 Relation of specific resistance to volume contraction rate
3.4.1 Relation of log p to AV/VO compared at fixed carbon

bulk density

Since the above results indicate that there is not
much contribution of resistivity changes of structural
components themselves as calcination temperature influences,
the cause of qualitative change of resistivity decrease
based on calcination temperature in the case of fixed
bulk density of sintered material carbon shown in figure
4 must be found elsewhere. Thus, note is taken of the fact
that there is corresponden.e at each stage of the contraction
curve although slight. These were very regular with
no experimental error. Accordingly, changes such as

decline in resistivity with rise in calcination temperature

-17-
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are probably related more to contraction than to calcination ‘ ,E
temperature. Thus, a relation is sought with the vol-
ume contraction rate as the horizontal axis instead of the
calcination temperature.

It is not possible to directly find the volume
contraction rate (AV/VO) at each calcination temperature i
versus a fixed sintered material carbon bulk density (C).
Thus the curve of AV/V° versus C is first drawn with
parameters of carbon admixture rates and calcination f
temperatures (Fig. 8). Interpolating for a fixed C from |
this figure, the AV/Vo values found for each calcination
temperature are plotted versus each point of p of figure 4.
These results are illustrated in figure 9 in which the
entire plot is always a smooth curve with no stages
remaining at the calcination contraction points. This
indicates not only that calcination contraction reduces
resistivity values as a result of increasing the carbon
bulk density of sintered materials but also involvement in
reduction of resistivity values by a separate method.

These qualitative contractions due to contractior are
explained as follows. Specifically, examination of the
sintered contraction curves of figure 1 shows clearly that
the calcination contractions of the compounds are based
in virtually all cases on kaolin sintering. As a result,
exahination of carbon black proportionate to the free
accumulation state distributed in the compound as bulk
shows that compulsory compression occurs with sintering of

kaolin and not spontaneous sintering contraction.

-18-
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Figure 10. Resistivity changes due to compression and

calcination.

key o:

Thus, the carbon granules give rise to deviation proportionate

sintered material (% is carbon admixture rate)
Carbon black free accumulation state (dotted line
is only right-left striking while solid line is

upward-downward oscillation).

only to the pressure from mutual contact proportionate to

the free accumulation states. This is believed to appear

as an influence of calcination temperature.

3.4.2. Relation of p versus log (V/Vo)

-19-
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In a previous report, in measurement of resistivity
of the free accumulation state of carbon black, a straight
line of log p versus 1/C was obtained through lateral
striking and lateral deflection was witnessed through
the addition of upward-downward impact which indicates
that the sample powder underwent partial compression.

Figure 10 is a plot of the carbon admixture rate versus
the relation of log p versus 1/C of sintered material
and also illustrates the free accumulation state resist-
ivity of cz2irbon black. The relation of 1/C change due to
calcination with resistivity change is very similar

to the relation of p versus 1/C in the case of upward-
downward shaking in powder resistivity.

There have been numerous reports of resistivity changes
with natural or man-made graphite due to pressurization of
carbon powder. There have been reports of resistivity
being proportionately related to 1/P (P pressurized from
without)3 as well as pﬁoportionate relations with 1//54].
In addition, Takahashi reports that depending on the type
of carbon black, it is proportionate to either 1/P or
1//P. Material with comparatively low resistivity is said

to have a proportionate relationship with 1/.P.5§°

§3 The author has also conducted the same experiments.
The powder resistivity of carbon black used in this

experiment was confirmed to be proportionate to 1//P.

-20-
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While the same sort ol relation is anticipated with
sintered material, pressurization in this case cannot be
directly measured and controlled. In the event of
contraction by calcination from dried state volume Vo to
ot V, the contact state of carbon black in the sintered
material is in a state of compression to V by pressure P
from capacity V° proportionate to the free accumulation
state. If we take as K the apparent compression rate
of carbon black at this time, ther dV/dP=KV. Here KX

may not be constant. Generally, because it is a function
m-1

of P, if we take K=kCP (k¢ and m are constants)

—

and integrate the pressure when V=V0 as P°=0, then

Jep——

P=—{%On—%)"" (1)

This signifies that log (V/Vo) can serve as an index
of the pressure added to the carbon particles in sintered

material.

1R ML T A RS 5 SR s it e i et et

When the general relation of pressure and resistance
of powder is taken as o=A/P™+B, then because p becomes
very small with increase of P in carbon black, consideration
of the resistance scope of the compound results in B=0.
Accordingly, the following is the result of cxpressing

pressure as volume contraction.

PsA(-fi-)n(“lng—:,%)_nm (2)

or

! onst - - ln'< Jog V)
og #. const -~ ™ {4 'y VO

-21-
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Below is an examination of the mutual relation of
the experimental results based on these relations.

First, it is possible to directly plot from calculations
of experimental results the relation of log » and log
(-log %o),when the calcination temperature . .:.e in a
parameter, for a sample with a fixed carbon admixture rate.
The results are illustrated in figure 11. Each plot is
fairlv straight up to a calcination temnerature of 1120°C.
The slope n/m is about one up to a carbon admixture rate
of 6%. However, there is some bulge and there are some
depressions in the plot and the slope decreases with rise

in the admixture rate. The values of the slope found from

the figure are illustrated in table 2.

Carbon admixture rate (%) s 6 7 8 9 15

Slope n/m 22 12 105 0% 08 om

Table 2. Slope of linear nortion of figure 11.

Next, figure 12 illustrates the same relation with
a fixed sintered material carbon bulk density. With
C=0.08 g/ml or less, a linear re ation is attained up
to 1200°C just as in figure 1'. Morecover, in this case,
the slope n/m is about 1/2. The n/m values found from the
figure are illustrated in table 3.

Since the pressure dependence of the compression
rate k, specifically the value of m is unclear, a definite
conclusion is difficult to reach.1{ the apparent conmpression
rate of carbon black in compound were fixed (In the measure-

5]
ments conducted on powdered carbon black by Takahashi |

[ V)
to

Cm s 8 et R et oW
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this was in the range of 15-120 kg/cm?), m=1 would result.
The slopes of tables 2 and 3 illustrate directly the values
of n.

Carbon bulk density (8/m1) oms om om 0w o1z 013 om
Slope n/m - 05 053 0.5 050 045 00

Table 3. Slope of linear portion of figure 12.

Specifically, in this case, p is proportionate to 1/P

in the former and is proportionate to 1/v/P in the latter.
However, the capacity change arising as a result of
contraction is due both to deformation of granules and to
granular migration and reclignment. In formula (1), if
capacity change were to occur due only to deformation of granules,
m=1 would result while if such change were exclusively due
to positional movement, m would approach zero. Specifically,
m is believed to exhibit the ratio of granular deformation
versus capacity change. Accordingly, with a fixed carbon
admixture rate, this effect must of course be considered.

If o = 1//P were valid in the compound, the compression
rate based on contraction versus collection of carbon black
in compound would not bc fixed and m would have to be

0.5.

4. Considerations

4.1 Theoretical considerations of resistivity changes due

to contraction
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Generally, when the conduct>r granules are in contact,
contact resistance is classified into concentrated
resistance based on the relativeliy small size of the
contact point and into barrier resistance due to impurity
dilution of the boundary face of the contact segucnt.
Considering from both sides the concentration resistance
of material with p' ss<cific resistance in contact at
a small circle with radius a, since r=2xp'/4a is calculated,
if the barrier membrane specific resistance is taken as

6]

", the resistance of one contact portion would be expnressed as

Y

Y= e fro—r (3)

In the case of carbon black, the individual granules
are oriented tangentially to *hc numerous, fine carbon
hexagonal ring plates on the wurface. Since the width of
the individual plates is approximatelv 20 X 7], it is
proportionate to 1/20 - 1/25 of the granule diameter
(approximately 0.05u). Approximately 2000 individual platcs
are aligned on the surface. Accordingly, on the average,
contact between the gronules will take place cia the level
portion of the plates. This level portion is pure in
comparison with pevipheral tips and in contact in sintered
material, the centact boundary surface undergoces heating
and pressurization, eliminatirg ever more impuritics.
Since the barrier resistance cuan he exnccted to hecome

sufficiently low, item 2 iy formula (3), in comparison with

item 1, can be assumed to hecome sufficiently small.

e

TN T



s\i '

7PRODUCIBILITY OF THE
CIGINAL PAGE I8 POOR

Specifically, roék'o'/a (k'=const).

Tf we take the number of average points of contact
in the contact region as m. the contact resistance per
contact region would be rD=rc/mC. The r has a [Q]
dimension and not a direci relation with the amount of
carbon. Thus, in the formula p=Aek/C, the resistance
in distribution proportionate to the free accumulation

state of carbon black may be considered to be a varial -

included in A. Specifically,

p;_—A'y,e'/C=A’—££'—-e'/c (4)
mqa

The pressure versus given mass of carbon black in
the compound is affected by the resistance passing through
mcoand a. If we assume that this contact portion is under

pressure p, the following applies.

p~na‘mF, (5)

Here Fp is a transformation coc{ficient of carbon
black granules which may be assumed to be constant within
a narrow pressure range. With carbon black having low
resistivity such as that used in the experiments, considering
the surface structure mentioned -..2viously, the contact
area a is assumed to vary with pressure and since m. may
be considered to he a constant closec to 1, the following

formula is derived from formulas (4) and (5).

p—Kp'ehCs Jlﬁ (6)

~20-
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Figure 13. Relation of log p to 1/C compared with

AV/V° fixed. (Numbers in the figure are AV/VO)

K here is constant.

If we assume that k is not affected by compression,
then p and C can be considered independently in relation
to the resistivity of sintered material. Specifically,
when the pressure is constant, the specific resistance
p is determined only by the distribution and loading state
of the granules and the formula illustrates the relation
of carbon bulk density C with log p « 1/C. When the carbon
bulk density C is constant, the dependcnce on the relation
of p = 1//n based on change in contact resistivity

between granules is indicated.
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However, this p is pressure at one contact region.
Note should be taken of the difference from P versus
concentration in formula (1). When we consider that
the capacity change due to calcination contraction is
m<1l because of granular movement due to porosity decrease,

p is expected to have a more direct relation with P.
14
b ‘-1“('7") (7)

Accordingly, formula (6) becomes

n=K‘p‘J*'C(-— ln_va),,,, (8)
This relation no doubt is in conformity with the results
of figure 12.

The fact that the slope in the straight line (Fig. 3),
log p versus 1/C when the calcination temperature is constant,
declines slightly with rise in calcination temperature
.s not in contraaiction with the hypothesis that k is
fixed regardless of the pressure. Rather, when the cal-
cination temperature is fixed, since the contraction rate
AV/V0 differs with the carbon bulk density C (Fig 8),
the linear relation when the calcination temperature is
fixed ought to differ somewhat from the linear relation
when the pressure is fixed. Using figure 9, when a plot
is made of the relation log p versus 1/C using interpolation
when AV/V°=constant, figurc 13 is derived. This result

signifies that the linear regions are virtually parallel

with k/2.3=1/3.7=constant.
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From these formulas, ek/ccorresponds to change in
the number of contact points of the carbon black granules
while 1¥p corresponds to change in the contact area at
the contact point. As a result, the fact that k for
change of pressure is constant signifies that the relation
to the number of contact points is determined only hy
C and is not related to p. Specifically, as for changes of
C due to capacity change, the portion originating in
compression of the granules themselves is small which is
the same as considering that due to compression, the
granules migrate, realign themselves and fill the void.
Accordingly, figure 11, the changes due to calcination
contraction of the specific resistance when the carbon
admixture rate of the comnound is fixcd, may be considered
as being due to changes in carbon bulk density C due to
migration of granules and to changes in contact pressure
of granules with granules in an equilibrium state.
The 1//p of carbon black and the basic relation corresponding
to 1/p should not be considered as direct indicators.
Based on formulas (7) and (8), calculation of slope n for
a fixed carbon admixture rate results in

_1_+_Ii_‘___dC
dlnp "2 "C3 dlnp

Since C=C°/(V/V°), this and formula (7) result in

dC ____C.. L
_QLSJ_(_K/_[’o_)__: o (ViVe)?s .
i ‘d‘?vl/nvz‘f —1n<1wv.,)" 1/(‘}/%) ) (v—u}m
ol el (40}
)
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Speci "ically, n is not a constant but is affected
by the carbon bulk density C. As V decreases with compression,
it is expected to gradually increase from 1/2. The following
calculations of n result through entry of measurements of
experimental sintered material into formula (9).
Considering only the linear relation of log p and 1/C,
C=0.2-0.1. Since the k/2.3 in the case of fixed pressure
is 1/3.7, k/C=3.1 - 6.2. Further, in the region corresponding
to the linear portion of figure 11, AV/V°=0‘05 - 0.20.
Accordingly, when the carbon bulk density C is large, the
approximate size of n is

n 0.5+(0.05~0.22)x3.1~0.66~1.18, average 0.92.
Further, when C is small,

n~0.5+(0.05~0.22)%6.2~0.81~1.86, average 1.43.

These calculations are in general agreement with the
experimental results of figure 11 and table 2.

Thus, regardless of two or three assumptions, formulas
(6) and (8) coincide in experimental results and the
resistance relation of sintered material is generally
indicated. When the carbon admixture rate is fixed,
C and p vary only with contraction so that formula (6)

is represented as tollows by means of variable (V/Vo).

p=Kpeci e (-—ln J'«)"" (10)
Vs
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If carbon bulk density C was used,

p.: Klﬂlct/C.<,0gg >-l/l (11)

9

Here K' 1s a constant.
4.2 Summary of effects of calcination temperature

By the above experimental results and considerations,
the resistance of sintered material in low resistance
ranges with comparatively great carhon bulk densities
is expressed by formulas (6), (10) or (11) at least up
to 1200°C. If the intrinsic resistance p' of carbon black
granules does not change greatly due to calcination, these
formulas indicate that the effect due to calcination temp-
erature will depend almost exclusively on calcination
contraction. i1nis is a most important conclusion in
respect to the problem of yield which has been a past
concern in production of this type of resistor. Specifically,
in previous reports, material calcined at 1200°C was
reported to have excellent reproducibility of resistivity
and little variation and the cause clearly lies in the
retardation of contraction near 1270°C which appears in
calcination contraction curves illustrated in figure 1.
This in turn is due to the use of substrate porcelain
with little calcination contraction or substrate porcelain
with little change in calcination contraction in the range
of calcination temperatures. This suggests the possibility

of marked increase in industrial yields.
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However, the experimental results also clearly indicate
that a separate effect must be considered with regard to
calcination temperatures above 1200°C when the carbon
bulk density is very low.

Since the intermediate resistance range in which
the carbon bulk density (C) is low is a range in which
the carbon granules gradually become isolated, the changes
in C due to calcination contraction cause not only increase
in contact points due to rearrangement of granules but
also increase in contact points due to reduction in
isolated granules. Specifically, in this range, a rapid
reduction of p occurs beginning with contraction. This
is indicated by the relation of 1/C to log p of the carbon
admixture rate of 5% from figure 10 and corresponds to the
extreme size of n/m when the carbon admixture rate is
5% as in figure 11 and table 2. Since these are related

k/C

to the number of contact points, e in formula (6)
signifies an influence beyond carbon bulk density C.

The idea that when ¢ is smaller than a certain fixed
value, k is no longer constant but increases with reduction
of C, suggests a relation between this intermediate
resistance range and formula (6).

When the temperature exceeds 1200°C, a separate
influence appears in relation to resistance. For example,
in figure 12, the relation of log{-' g (Y/Vo)} to log p
from 1200°C indicates the appearance of an influence

outside of contraction with separation from the straight

line and a downward depression with rising temperature.



Further, when a temperature in excess of 1300°C is reached,
the large size of carbon bulk density indicates a tendency
to another upward curve. These may also be considered as
being linked with changes in constants such as K, p' and k
in formula (6). However, in the experimental results,
the free accumulation state resistivity of pure carbon
black was little influenced by calcination treatment.
In addition, the volume intrinsic resistance of kaolin
sintered material up to 1400°C is virtually unaffected
even in the event of sintering in contact with carbon.
Accordingly, at high temperatures, it is necessary to
take into consideration changes in the distributive loading
state of carbon granules based on factors other than
contraction. However, at temperature above 1360°C,
in connection with the clear changes in the linear relation
of 1/c to log p of figure 3, perhaps the idea of some
chemical reaction among carbon-kaolin decomposition
materials is appropriate. A temperature for initiation of
reaction of graphite and oxide for 8102 at 1 atm would bhe
1460°C but in a pure vacuum, it would be 1250°C. With
fireproof clay, it would be even lower, 1100°C in a pure
vacuumS] so that there seems to he sufficient possibility
of a surface chemical reaction of a magnitude great enough
to alter the electrical resistance of a compound. Further
reports are planned regarding the effects of changes at thesc
high temperatures.

At this time I would like to exnress my deep appreciation

to Professors Noda and Hascgawa of Nagova University for

their gracious assistance.
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